Acute hyperammonemia causes cerebral edema, elevated intracranial pressure and loss of cerebral blood flow (CBF) responsivity to CO2, Inhibition of glu tamine synthetase prevents these abnormalities. If the loss of CO2 responsivity is secondary to the mechanical effects of edema, one would anticipate loss of responsiv ity to other physiological stimuli, such as hypoxia and changes in mean arterial blood pressure (M ABP). To test this possibility, pentobarbital-anesthetized rats were sub jected to either hypoxic hypoxia (Pao2 = 30 mm Hg), hemorrhagic hypotension (M ABP =70 and 50 mm Hg), or phenylephrine-induced hypertension (M ABP = 125 and 145 mm Hg). CBF was measured with radiolabeled mi crospheres. Experimental groups received intravenous ammonium acetate (=50 /-Lmol min -1 kg -I) for 6 h to increase plasma ammonia to 500-600 /-LM. Control groups received sodium acetate plus HCl to prevent metabolic alkalosis. The increase in CBF during 10 min of hypoxia
Hyperammonemia causes accumulation of glu tamine in brain (Jessy et aI., 199 1; Takahashi et aI., 1991) , selective swelling of astrocytes (Laursen, 1982; Voorhies et aI., 1983) , increased intracranial pressure (Dempsey and Kindt, 1982; Voorhies et aI., 1983; Barzilay et aI., 1985; Chodobski et aI., 1986b) , and decreased glucose consumption (Jessy et aI., 199 1) . Ammonia is rapidly incorporated into glutamine by glutamine synthetase (Cooper et aI., 1979) , an enzyme enriched in astrocytes (Noren-after 6 h of ammonium acetate infusion (84 ± 19 to 259 ± 52· ml min -1 100 g -I) was similar to that after sodium acetate infusion (105 ± 20 to 265 ± 76 ml min -I 100 g-I).
Cortical glutamine concentration was elevated equiva lently in hyperammonemic rats subjected to normoxia only or to 10 min of hypoxia. With severe hypotension, CBF was unchanged in both the ammonium (80 ± 20 to 76 ± 24 ml min -I 100 g -I) and the sodium (80 ± 14 to 73 ± 16 ml min -I 100 g-I) acetate groups .. With moderate hy pertension, CBF was unchanged. With the most severe hypertension, significant increases in CBF occurred in both groups, but there was no difference between groups. We conclude that hypoxic and autoregulatory responses are intact during acute hyperammonemia. The previously observed loss of CO2 responsivity is not the result of a generalized vasoparalysis to all physiological stimuli. Key Words: Ammonia-Autoregulation-Glutamine Hypoxia-Rats. berg and Martinez-Hernandez, 1979) . Inhibition of glutamine synthetase before infusion of ammonium acetate prevents the increase in tissue water con tent (Takahashi et aI., 199 1) and intracranial pres sure (Takahashi et aI., 1992) . Thus, edema forma tion during acute hyperammonemia is related to glu tamine accumulating as an astrocytic osmolyte or to some other consequence of altered glutamine syn thesis and metabolism.
Infusion of ammonium acetate has been reported to increase cerebral blood flow (CBF) in primates and cats (Kindt and Altenau, 1978; Dempsey and Kindt, 1982; Chodobski et aI., 1986a Chodobski et aI., , 1986b and to result in either small decreases or no change in CBF in rats and dogs (Gjedde et aI., 1978; Barzilay et aI., 1985; Weigle et aI., 1990; Takahashi et aI., 1992) . In all four species, however, the CBF responsivity to hypercapnia is consistently depressed (Kindt and Altenau, 1978; Barzilay et aI., 1985; Chodobski et aI., 1986a; Takahashi et aI., 1992) . Moreover, hy pocapnia causes a paradoxical increase in CBF in some brain regions in dog (Barzila y et aI. , 1985) and rat (Takahashi et aI., 1992) . Altered vascular re sponsivity may be specific to CO2 because autoreg ulation to changes in mean arterial blood pressure (MABP) is maintained after 1 h of ammonium ace tate infusion in the cat (Chodobski et aI., 1986b) .
We found that inhibition of glutamine synthesis before ammonium acetate infusion largely restored the CBF response to hypercapnia and prevented the paradoxical increase in CBF during hypocapnia (Takahashi et aI. , 1992) . These results indicate that the altered CO2 responsivity is related to glutamine accumulation rather than to ammonium ion, per se. However, because glutamine synthesis inhibition also prevented the increase in tissue water content (Takahashi et aI., 199 1) and intracranial pressure (Takahashi et aI., 1992) , the improved CO2 respon sivity may simply be secondary to prevention of edema formation. Mechanical effects of edema for mation may be particularly important because swelling appears to be localized to astrocyte cell bodies and to their processes surrounding blood vessels (Laursen, 1982; Voorhies et aI., 1983) .
If impaired CO2 responsivity is attributable to mechanical effects of astrocytic edema, then re sponsivity to other physiobgical stimuli should also be impaired. Using the same experimental model of 6 h of ammonium acetate infusion in anesthetized rats in which CO2 responsivity is impaired, we tested the hypotheses that acute hyperammonemia impairs (a) the increase in CBF during hypoxia, (b) maintenance of CBF during hemorrhagic hypoten sion, and (c) maintenance of CBF during phenyl ephrine-induced hypertension.
MATERIALS AND METHODS
Male Wistar rats weighing 404 ± 36 g (± SD) were anes thetized with sodium pentobarbital (65 ± 6 mg/kg, i.p.). Anesthesia was maintained by repetitive injection of 20 mg/kg of pentobarbital every 1.5 h or more frequently if necessary for the duration of the experiment. The lungs were mechanically ventilated through a tracheostomy (PE-200) with 25-30% O2 (balance N2). Polyethylene catheters (PE-50) were inserted into the tail artery for measuring arterial blood pressure and obtaining samples, into the abdominal aorta via the right femoral artery for withdrawing microsphere reference samples, into the right femoral vein for infusion of solutions, and into the left femoral vein for blood replacement during withdrawal of the microsphere reference sample. For injection of mi crospheres, another polyethylene catheter (PE-IO) was inserted into the left cardiac ventricle via the right sub clavian artery without opening the chest. The pressure tracing was used to judge the distance to the aortic valve, J Cereb Blood Flow Metab. Vol. /5. No.5, /995 and the catheter was advanced approximately 5 mm be yond this point. Left ventricular pressure tracings were verified before microsphere injection. Arterial pressure was recorded continuously throughout the experiment. Rectal temperature was maintained at 37°C with a water circulating blanket.
At least 15 min after completing the surgery, rats re ceived continuous intravenous salt infusions for 6 h plus the time required for hypoxic challenges or alterations in MABP. In control groups, the infusate consisted of 200 mM sodium acetate in water for 30 min followed by 200 mM sodium acetate dissolved in 200 mM hydrochloric acid (HC!) for the remainder of the experiment. The in fusion rate was 0.1 mllmin, resulting in the delivery of 50 ± 5 ILmol min -I kg-I of sodium acetate. Without the addition of HCI to the infusate, severe metabolic alkalosis occurs. In the hyperammonemic groups, rats received 200 mM ammonium acetate in water at 0.1 ml/min (50 ± 5 ILmol min-I kg-I).
Arterial blood samples 0.3 ml) were drawn at baseline and at 2 and 6 h of infusion for analysis of plasma ammo nia, plasma osmolarity, pH, partial pressure of CO2 (PC02) and 02'(P02), hemoglobin, and O2 saturation. Plasma ammonia was measured on a 50-ILl aliquot of plasma by a cation exchange-visible spectrophotometric technique previously described (Brusilow, 1991) . Plasma osmolarity was determined by freezing-point depression (Model 3DII; Advanced Instruments, Needham Heights, MA, U.S.A.). Arterial blood gas and pH were measured with an ABL3 electrode system (Radiometer, Copen hagen, Denmark). Arterial hemoglobin and O2 saturation were measured with a Radiometer OSM3 Hemoximeter.
Regional blood flow was measured with radiolabeled microspheres (15.5 ± 0.5 ILm in diameter) labeled with either 153Gd, I13Sn, or 46SC (Dupont-NEN Products, Bos ton, MA, U.S.A.). A dose of approximately 0.2 million spheres suspended in 0.3 ml saline was injected into the left ventricle in 1 min. The microsphere reference sample was withdrawn from the abdominal aorta at a rate of 0.68 ml/min starting at 0.5 min before the microsphere injec tion and ending 1.5 min after the injection was completed. Heparinized blood from a donor rat was transfused into the femoral vein at 0.68 mllmin simultaneously with the arterial reference withdrawal to keep a stable hemody namic state.
At the end of the experiment, the brain was removed and divided into cerebrum, diencephalon, midbrain, me dulla and pons, cerebellum, and cervical spinal cord. Ra dioactivity in tissue and reference blood samples was measured in a gamma scintillation counter, and counts were corrected for spectral overlap of isotopes. Blood flow was calculated as the product of corrected tissue counts and the arterial reference withdrawal rate divided by counts in the arterial reference sample. There was no significant bias in the distribution of microspheres to the left versus right kidney or to the left versus right cere brum.
In the first experiment, the CBF response to isocapnic hypoxic hypoxia was measured. At 6 h of infusion of sodium acetate (n = 7) or ammonium acetate (n = 7), the first CBF measurement was made under normoxic con ditions. Hypoxia then was produced by ventilation with 12% 02' Arterial blood gases and CBF were determined at 10 min of hypoxia.
In the second experiment, cortical glutamine, gluta mate, taurine, -y-aminobutyric acid (GABA), and glu-tamine synthetase activity were measured because 10 min of hypoxia could potentially inhibit ATP dependent glu tamine synthesis and thereby alter the balance of cellular osmolytes. At 6 h of infusion of sodium acetate (n = 5) or ammonium acetate (n = 7), the cerebral cortex was rap idly freeze-clamped in normoxic rats. In other rats receiv ing sodium acetate (n = 5) or ammonium acetate (n = 10), hypoxia was produced by 12% O2 ventilation at 6 h of salt infusion and the cortex was freeze-clamped at 10 min of hypoxia. Amino acids were measured by HPLC with fluorescent detection. Measurement of glutamine synthe tase activity was based on the glutamine synthetase ca talysis of -y-glutamylhydroxamate from glutamine and hy droxylamine (Rao and Meister. 1972) . One unit of glu tamine synthetase activity is defined as that amount that produces I J.Lmol of -y-glutamylhydroxamate in 15 min per g of wet tissue.
In the third experiment, CBF was measured during ar terial hypotension. At 6 h of infusion of sodium acetate (n = 8) or ammonium acetate (n = 7). the first CBF mea surement was made under normotensive conditions. Moderate hypotension was then produced by withdraw ing blood until the MABP was about 70 mm Hg. The arterial blood gas analysis and the second CBF measure ment were made at least 5 min after the MABP became stable (MABP remained within 5 mm Hg of the desired level). Severe hypotension was then produced by with drawing additional blood until the MABP was about 50 mm Hg. The arterial blood gas analysis and the third CBF measurement were made at least 5 min after MABP be came stable. About 20 min elapsed between the first and the third CBF measurements.
In the fourth experiment, CBF was measured during arterial hypertension. At 6 h of infusion of sodium acetate (n = 7) or ammonium acetate (n = 8). the first CBF measurement was made under normotensive conditions. Moderate hypertension was then produced by continuous infusion of phenylephrine (10 J.Lg/ml of saline). The infu sion rate was adjusted to keep the MABP at about 125 mm Hg. The average rate was 0.1 J.Lg kg -I min -I. The second CBF measurement was made at least 5 min after the MABP reached steady state. Severe hypertension was then produced by increasing the dosage of phenyl ephrine until the MABP reached about 145 mm Hg. The average rate was 0.4 J.Lg kg -I min -I. The arterial blood gas analysis and the third CBF measurement were made at least 5 min after achieving steady state. Less than 30 min elapsed between the first and the third CBF measure ments. Blood gas analysis was not performed at the mod erate hypertension step to reduce blood loss. which would counteract stable hypertension. The infusion rate of phenylephrine was increased gradually to avoid an overshoot ofMABP, which could disrupt the blood-brain barrier. It is unlikely that phenylephrine crosses the blood-brain barrier in significant amounts because lethal infusion rates of ammonium acetate in cats does not cause extravasation of Evans blue (K indt et al., 1977) .
In the experiments in which CBF was measured, data were subjected to two-way analysis of variance (A NOV A) for effect of treatment between groups and for repeated measurements within groups. If there was a sig nificant effect of treatment or an interaction between treatment and time, mean values between the two groups at individual time points were compared by t test. If there was a significant effect of repeated measures. mean val ues were compared with the control values by Dunnett's test. In the experiment in which amino acids were mea sured, data were subjected to two-way ANOV A in which salt treatment was a between-subject factor and hypoxia was a second between-subject factor. Values of p < 0.05 were considered significant. All data are presented as mean:±: SD.
RESULTS

Hypoxic hypoxia
By 6 h of ammonium acetate infusion, the plasma ammonia concentration was about 20-fold greater than in rats infused with sodium acetate plus HCI (Table 1 ). There were no differences between groups in plasma osmolarity, arterial pH, Paco2, he moglobin concentration, oxyhemoglobin satura tion, or MABP. The level of isocapnic hypoxic hyp oxia was similar in the sodium acetate (P a02 = 34 ± 7 mm Hg) and ammonium acetate (P a02 = 30 ± 2 mm Hg) groups. During hypoxia, the MABP de creased to similar levels inthe two groups (Table 1) .
Hypoxia res ' ulted in a one-to twofold increase in blood flow to whole cerebrum in both groups (Fig.  1 ). There was no difference in CBF between groups during normoxia or during hypoxia. Cerebral O2 transport (arterial O2 content x CBF) remained constant during hypoxia in both groups. Through out the neuroaxis, blood flow increased to equiva lent levels in both groups (Table 2) . Similar CBF in right and left cerebrum was consistent with ade quate mixing of microspheres.
In hyperammonemic rats, the cortical glutamine concentration was increased and glutamate concen tration was decreased (Fig. 2 ). Glutamine and glu tamate concentrations were unaffected by 10 min of hypoxia in either the sodium or the ammonium ac etate groups. There was no significant effect of hy perammonemia or hypoxia on taurine concentra tion. Two-way ANOV A indicated an overall de crease in GABA concentration associated with hyperammonemia, but no effect of hypoxia. Indi vidually, the value in the normoxic hyperammone mic group was significantly less than in the nor moxie control group. Glutamine synthetase activity in the normoxic ammonium acetate group (40.9 ± 0.7 U) was slightly greater than in the normoxic sodium acetate group (39.2 ± 1.0 U) and hypoxic sodium acetate group (38. 1 ± 1.2 U) but was not significantly different from the activity in the hyp oxic ammonium acetate group (39.5 ± 1.6 U).
Blood pressure alterations
After 6 h of infusion of either sodium acetate plus HCl or ammonium acetate, the MABP was reduced in two steps to -70 mm Hg (Hypotension 1) and 50 mm Hg (Hypotension 2). There was no changes in arterial pH, Pco2, or O2 saturation, but the hemo- globin concentration decreased approximately 10 and 20% at the two steps in both groups (Table 3) . CBF remained unchanged at both hypotensive steps in both groups and CBF was not different be tween groups (Figure 3) . In other brain regions, sig nificant decreases in blood flow were detected in diencephalon and midbrain, but these were not dif ferent between groups (Table 4) .
When MABP was increased to � 125 mm Hg in separate groups of rats, there was no significant change in CBF ( Fig. 3) . At an MABP of � 145 mm Hg, there were significant increases in CBF in both groups. However, there was no difference between groups. Arterial hemoglobin concentration de creased � 10% at this time point (Table 5 ). There were no changes in arterial pH, Pco2, or O2 satura tion. Plasma ammonia and osmolarity were similar to those obtained in the other control and experi mental groups. In most other brain regions, signif icant increases in blood flow also occurred at the most severe hypertension without intergroup differ ences (Table 6 ).
DISCUSSION
The present results show that acute hyperam monemia does not impair the CBF response to hyp oxia or to changes in MABP. Thus, acute hyperam monemia does not cause a generalized vasoparaly sis. This result is emphasized by calculating cerebrovascular resistance (CYR) as MABP/CBF. J Cereb Blood Flow Metab. Vol. 15. No.5, 1995 With either hemorrhagic hypotension or hypoxic hypoxia, substantial decreases in CYR occurred in both the sodium and the ammonium acetate groups (Fig. 4) . Although we did not measure downstream pressure in these experiments, we previously found that cisterna magna pressure was 6 mm Hg higher in hyperammonemic rats (Takahashi et aI. , 1992) . Thus, the true CYR values during hypotension and hypoxia may actually be less in the hyperammone mic groups. These results contrast with previous data on hypercapnia in which CYR was calculated using cisternal pressure as the downstream pressure (Takahashi et aI. , 1992) . During hyperammonemia, no change in CYR occurred when hypercapnia was induced ( Fig. 4) . Moreover, a paradoxical decrease in CVR occurred during hypocapnia. Thus, the level and duration of hyperammonemia are suffi cient to impair cerebrovascular reactivity, but this impaired vascular reactivity is specific for CO2, Inhibition of glutamine synthetase largely re stored the CBF response to hypercapnia and par tially reversed the paradoxical increase in CBF dur ing hypocapnia (Takahashi et aI. , 1992) . Inhibition of glutamine synthetase also prevented tissue glu tamine and water accumulation (Takahashi et aI., 199 1) and the increase in intracranial pressure (Ta kahashi et aI. , 1992) at a similar level and duration of hyperammonemia. Thus, one explanation for the loss of CO2 responsivity was that the mechanical effects of glutamine-dependent edema formation exhausted the vasodilatory reserve and thereby pre- vented further vasodilation during hypercapnia. However, the current finding of a large increase in CBP sufficient to maintain cerebral O2 transport during hypoxia despite a decrease in MABP sug gests that vascular compression is not a major mechanism for loss of CO2 responsivity. The de crease in CVR with hemorrhagic hypotension also indicates that the vasodilatory reserve is not ex hausted. Therefore, the loss of CO2 responsivity appears to be related to some effect of glutamine accumulation other than the mechanical effects of edema.
In various models of hyperammonemia, morpho logical alterations generally are restricted to astro cyte cell bodies and foot processes (Laursen, 1982; Voorhies et aI., 1983) . With 6 h of ammonium ace tate infusion, we also observed selective enlarge ment of astrocytes and their perivascular processes (Willard-Mack et aI. , 1994) . Enlarged astrocytes with watery cytoplasm may be indicative of astro cyte dysfunction of extracellular ionic regulation, which, in turn, may alter CO2 responsivity in a se lective fashion. In addition, dysfunctional astro cytes may alter the production of vasoactive sub stances required for normal CO2 reactivity or they may produce substances that selectively impair CO2 reactivity. Because of the intimate contact of astrocytes surrounding blood vessels, we speculate that acute hyperammonemia may represent a unique situation in which selective astrocyte dys function affects vascular reactivity in a specific manner.
Glutamine accumulation arising either from am monia-driven glutamine synthesis or from ammonia inhibition of glutaminase is one of the major bio chemical changes associated with hyperammone mia. Although glutamine is not considered to be vasoactive, studies in rabbit aorta and in cultured endothelial cells indicate that glutamine can inter fere with either the recycling of Citrulline to arginine or the uptake of citrulline and, thereby, inhibit nitric oxide production Swierkosz et a!. , 1990; Wu and Meininger, 1993) . In rat, inhibi tion of NO synthase blunts. CO2 responsivity, with less effect on hypoxic responsivity (Pelligrino et a!. , 1993; Iadecola et a!. , 1994) and autoregulation (Wang et a!. , 1992) . In cat, hyperammonemia atten uates CO2 responsivity without affecting autoregu lation (Chodobski et a!. , 1986b) , and NO synthase inhibition attenuates CO2 responsivity (Sandor et aI. , 1994) . Thus, there is some parallelism between selective suppression of CO2 responsivity by hyper ammonemia and that by NO synthase inhibition. However, this parallelism may not hold for all spe cies. Hyperammonemia suppresses CO2 responsiv- ity in primate (Kindt and Altenau, 1978) and dog (Barzilay et ai. , 1985) , but NO synthase inhibition in primate (McPherson et ai. , 1995) and dog (Saito et ai. , 1993) has less effect on CO2 responsivity. Thus, potential effects of elevated glutamine on NO pro duction may not fully account for suppression of CO2 responsivity associated with hyperammone mia. Chodobski et al.
(1 986b ) observed intact autoreg ulation in cats after � 1 h of ammonium acetate in fusion. Our results with 6 h of ammonium acetate infusion in rats agree with those of Chodobski et ai. 
3. CBF versus MABP during two steps of hemorrhagic hypotension at 6 h of infusion of sodium acetate (n = 8) or ammonium acetate (n = 7) and in separate rats during two steps of phenylephrine-induced hypertension at 6 h of infu sion of sodium acetate (n = 7) or ammonium acetate (n = 8)_
Values are means ± SO .• p < 0. 05 normotensive value within same group. There were no differences between the sodium and the ammonium acetate groups.
In addition, our results show that blood flow was reasonably well maintained on a regional basis. However, we did not determine whether the lower limit of autoregulation was affected by hyperam monemia because the number of microsphere deter minations of CBF that can be made in the rat is limited. Because cisterna magna pressure was pre viously found to be increased during hyperammone mia (Takahashi et aI., 1992) , we anticipate that the lower limit of CBF autoregulation expressed in terms of MABP would be slightly greater during hyperammonemia (assuming that the lower limit would be unchanged when expressed in terms of cerebral perfusion pressure). Furthermore, the 20% decrease in arterial hemoglobin concentration at the most severe level of hemorrhagic hypotension prob ably extended the lower limit of CBF autoregulation by decreasing the viscosity and arterial O2 content. Thus, moderate anemia may have contributed to the lack of a decrease in CBF at a MABP of 48 mm Hg. In addition, arterial hemoglobin concentration and O2 content decreased about 10% at the most severe level of hypertension, possibly due to the volume of saline vehicle of the phenylephrine infu sion «0. 3 ml) and to fluid absorption in vasocon stricted, peripheral tissues. Thus, modest anemia may have contributed to the increase in CBF seen at severe hypertension. With both hypotension and hypertension, however, hemoglobin concentration and CBF did not differ between the sodium and the ammonium acetate groups. Therefore, within the limits of our experimental design, we found no ev idence that acute hyperammonemia abolished cere brovascular autoregulation.
Responsivity of CBF to hypoxia has not been well investigated under hyperammonemic condi tions. With carbon tetrachloride-induced liver fail ure in goats, internal maxillary blood flow respon sivity to hypoxia is depressed (Stanley and Cherni ack, 1976) . Differences between this study and our study may be related to other effects of carbon tet rachloride and liver failure, chronic versus acute hyperammonemia, species, and the use of internal maxillary blood flow as a measure of CBF. In our study, all brain regions exhibited a large increase in CBF during hypoxia. Perhaps chronic hyperam monemia would suppress hypoxic responsivity.
Glutamine synthesis from glutamate and ammo nia requires ATP. We considered the possibility that brief hypoxia may have compromised A TP availability in hyperammonemic rats. Reduced ATP availability could have conceivably reduced glu tamine concentration and astrocytic edema, and thereby account for an unimpeded CBF response to hypoxia. However, after 10 min of hypoxia in hy perammonemic rats, the cortical glutamine concen tration remained threefold elevated and the gluta mate concentration remained reduced. There was no substantial change in glutamine synthetase ac tivity. Taurine, another osmolyte thought to be im portant in cell volume regulation during hypoos motic conditions (Pasantes Morales and Schous boe, 1988; Wade et a!. , 1988) , was found to be unchanged during acute liver ischemia, despite ce rebral edema formation (Swain et a!., 1992) , or to decrease slightly after ammonium acetate injection (Engelsen et a!. , 1987) . We observed no changes in taurine during" hyperammonemia with either nor moxia or hypoxia. Therefore, we found no evidence that brief hypoxia during hyperammonemia reduced the accumulation of glutamine or other major amino acid osmolytes, which could have rapidly reduced cell swelling.
The cortical GABAconcentration was decreased by hyperammonemia. This decrease may have been secondary to the decrease in glutamate, although the degree to which glutamate availability controls GABA synthesis in vivo is unclear (Martin and Rimvall, 1993) . Also, it is unknown if the decrease (left), arterial hypoxia (middle), and hypercapnia (right) at 6 h of infusion of either sodium or ammonium acetate in rats. CVR was calculated as MABP/CBF for the hypotension and hypoxia groups. Hypercapnic data were derived from a pre vious study (Takahashi et aI., 1992) in which cisterna magna pressure was subtracted from MABP in calculating CVR. Val ues are mean ± SO. *p < 0.05 versus normotensive, nor moxic, or normocapnic baseline value. CVR was reduced equivalently in sodium-and ammonium acetate-infused rats during either hypotension or hypoxia. However, CVR failed to decrease during hypercapnia in ammonium acetate-infused rats.
in glutamate occurs in the same metabolic compart ment as the decrease in GABA. Ordinarily, glu tamine can increase GABA formation in synapto somes by increasing glutamate availability (Batta glioli and Martin, 1990) , but ammonia may act to inhibit glutaminase conversion of glutamine to glu tamate (Matheson and Van Den Berg, 1975) .
In the three experiments in which CBF was mea sured under normoxic and normotensive condi tions, there were no consistent differences in re gional CBF between sodium and ammonium acetate groups. The lack of an effect of ammonium acetate infusion on CBF is consistent with our previous re sults in rats (Takahashi et aI. , 1992) and dogs (Barz ilay et aI. , 1985; Weigle et aI. , 1990) but differs from the increase in CBF reported in cats (Dempsey and Kindt, 1982; Chodobski et aI. , 1986a) and primates (Kindt and Altenau, 1978) . Thus, there may be some species variation. In addition, comparisons were not made to controls receiving sodium acetate infusion in some of these other studies where there may be time-dependent effects of anesthesia or of acetate ion.
Continuous infusion of sodium and ammonium acetate caused some hemodilution, which may have contributed to some of the variability in CBF during salt infusion. For example, in the hypoxia experi ment, sodium acetate infusion for 6 h decreased the arterial hemoglobin concentration from 13.9 ± 1.6 to 11.9 ± 0.8 g/dl before the induction of hypoxia (Table 1) . At the reduced hemoglobin concentra tion, CBF was 105 ± 20 ml min -I 100 g-I . In the hypotension experiment, the hemoglobin concen tration decreased to only 13.2 ± 1.3 g/dl (before induction of hypotension; Table 3 ), and normoten sive CBF was lower (80 ± 14 ml min-I 100 g-I ). Thus, differences in hemodilution during salt infu sion may have contributed to differences between normoxic and normotensive groups under other wise similar treatments.
Some, but not all, rats exhibited remarkably ele vated blood flow to cerebellum leading to a high coefficient of variation under normoxic, normoten sive conditions. Elevated cerebellar blood flow has been noted previously in rat (Takahashi et aI. , 1992) but not in dog (Barzilay et aI. , 1985; Weigle et aI. , 1990) . Because brain-stem blood flow was unaf fected, the b lood flow changes presumably depend on local factors within the cerebellum rather than global effects on the basilar artery system. Since there is no evidence for selective increases in glu cose metabolism in cerebellum (Jessy et aI. , 199 1), the mechanism for increased blood flow may be un coupled to metabolism.
Hyperammonemia can cause transient seizures, which, in turn, can alter cerebrovascular reactivity. Although we did not monitor the EEG in these rats, we did not observe seizure activity on the EEG in preliminary experiments in this model. Presumably, pentobarbital anesthesia used in this model sup presses any ammonia-induced seizure activity.
In summary, elevation of plasma ammonia to 500-600 fJ-M for 6 h in the rat does not impair the CBF response to hypoxia or to changes in arterial pressure. These data, taken together with the pre viously observed impaired responses to both hyper capnia and hypocapnia, indicate that acute hyper ammonemia impairs CO2 responsivity on a selec tive basis. With chronic hyperammonemia as occurs clinically, however, we cannot exclude that the CBF response to hypoxia or to changes in blood pressure eventually become impaired or that adap tive mechanisms partially restore CO2 responsivity.
